Abstract-In this paper a hand-held sensor for surface texture perception is presented. The sensor with a metal contact probe is able to measure the roughness and frictional property of a surface, which are among the most important parameters for contact texture perception. Two strain gauges and a force sensor are employed to measure 3D-contact forces at the tip of the contact probe. The friction coefficient can be calculated by using the normal force and tangential one. A PVDF film is used for the dynamic sensing of contact stress in the axial direction of the contact probe. Measurement results are transmitted to a host computer via Bluetooth wireless communication link for further data processing. Design issues are discussed in details, and the preliminary experimental evaluations are performed.
I. INTRODUCTION
Contact sensing has been investigated for a long time. In the beginning, sensing methods were mostly based on measurements of contact force and global mechanical contact effects. Utilizing sensor array, force sensing generates a stress map of contact area. With different processing and control algorithms, other geometric parameters of the target object can be rendered from the contact stress maps. Sophisticated force based applications can measure the contact location, surface curvature, object edge, and even object shape [1] , [2] , [3] . Taking advantage of dynamic measurements, incipient slip can also be detected, in applications such as dexterous manipulation with robot hands [4] . In contrast, tactile sensing aims at measuring local contact parameters which include, for example, hardness, roughness, heat transfer property, frictional property, and the type of material in contact. Researches in this domain are still in their infancy, and most works have been done in the development of sensors and effective data processing algorithms. Some of the results from such research have been quite promising. As early as in the 1980s, Dario and Rossi had delved into skin-like artificial tactile sensors [5] . Caldwell and Gosney developed an advanced instrumented finger with multi-modal tactile sensations for tele-operation system. This finger was able to measure contact force, surface hardness, shape, and thermal conductivity [6] . Baglio et al. presented a novel tactile sensor for surface recognition [7] . Bimorph piezo-ceramic actuators and sensors are used for stimulation and response signals sensing. Combining signal power spectral density analysis with fuzzy recognition, this system can recognize materials. Mukaibo et al. developed a human-finger-like multilayered texture sensor [8] . This multilayered sensor is able to identify the difference in roughness, softness and frictional property of different material and quan- titatively detect the texture information of a surface. Cuevas et al. developed a fingertip-like sensor with an electret piezoelectric microphone as the transducer embedded in a rugged material [9] . Sound during sliding motion against a surface is picked up by the microphone. FFT Force-based sensing and most of the tactile sensing to date can provide a wide range of tactile properties of a surface. Requirements arise from tactile related applications, especially telepresence, virtual environment interaction, and surgery, which require effective sensing and modeling methods for sensing local texture. Contact force, roughness, softness, and heat transfer properties of an object surface are most important to the human sense of touch. Researchers are eager to reproduce the sensing ability of the human finger with artificial sensors. As a starting point, surface roughness sensing was performed in this research. Although there are many accepted standards for roughness representation in mechanics, those for tactile sensing still need to be investigated. Most tactile research applies frequency domain analysis on the response signals to produce meaningful results. Therefore, in our previous research, we defined roughness sensing as the finding of the relations between spectral properties of response signals and the mechanical average roughness of surfaces. Specific frequency patterns are found in the response signals of sliding motions on different sandpapers [1 1] . In this paper, we take a further step and propose a tactile sensor which measures not only the dynamic signal but also the contact force in 3D as shown in Fig. 1 . The design process is described in details. Preliminary evaluation and discussion on the experimental results are provided.
II. TEXTURE SENSING WITH TACTILE SENSOR
Development of tactile sensors began with the emulation of the structure of the human finger. Some tactile sensors even consist of nail, bone and ridges on the sensor surfaces as well as multilayered sensing skin with embedded sensing elements [9] , [12] , [13] . Sensing processes start with a sliding motion on objects, as a human finger does. The response signals are dynamic, and any kind of sensing element, sensor motion controlling method and signal processing algorithm that can contribute to this type of dynamic sensing is likely to be utilized. Because psychophysical and neurophysiological studies have shown that vibration is necessary and sufficient for fine texture perception by human fingers, dynamic sensing is adopted for texture perception and signal processing, and classification methods for time-varying signals are also applied.
The difficulties in texture sensing come from the unquantifiable characteristics of tactile sensors as well as the intrinsic complexity of the texture excitation-response mechanism. Most of tactile sensors are composed of a soft layer, which is used as the contact surface of the sensor and the protector of the fragile sensing elements beneath the layer. This soft layer is subject to all kinds of texture stimuli in dynamic sensing. For example, in the case of surface height detection, there are tangential forces as well as normal height variations in the contact area. When the sensor slides onto a bump, tangential and normal stimuli can be both significant. It is easy to draw a loose conclusion that the sensor characteristic is inhomogeneous if only the normal one is taken into consideration. After all, with such intermediate layer, the sensing elements do not directly interact with the texture, so material science knowledge is required to interpret the relation between the output signal and the situation occurring at the contact area. This requirement complicates the implementation of the signal processing algorithms.
Another factor that makes texture sensing difficult is the large size of the contact area. Again as an example of the surface height detection, because the sensing element generates an average output over the contact area, any local information of an area smaller than the contact size will be blurred out, as shown in Fig. 2 . The utilization of an intermediate soft layer worsens this problem as the contact stimuli propagate within the layer. For fine texture sensation, the development tactile sensor has minimized these interfering factors. In this paper, a tactile sensor with a metal contact probe is presented.
III. DEVELOPMENT OF PEN-TYPE TACTILE SENSOR This section describes the design of the hand-held tactile sensor. The proposed tactile sensor is an improved version of the one we used in the previous research [14] , [15] .
This tactile sensor is designed for rigid surface roughness perception. Pai and Rizun also develop a hand held device for haptic texture measurement which measures 3D accelerations and the normal contact force [16] . However, in fine roughness measurements, it is more important to measure the contact force to acquire the frictional property. Therefore, in this design the following schematic is chosen: a PVDF film is used for sliding contact dynamic sensing, and two strain gauges and a force sensor are used for 3D contact force measurement.
The schematic of the system is illustrated in Fig. 3(a) , and the layout of the sensing elements is shown in Fig. 3(b) . The PVDF film (10mm x lmm x 80,um in size) is located inside a thin silicon rubber layer(WxLxT= 12 x 5 x 2.5rmm) for protection. This module is attached at one end of the contact probe. As a ferroelectric polymer, the PVDF film exhibits piezoelectric and pyroelectric properties. To minimize the pyroelectric effect, temperature of the PVDF module is managed to stay at room temperature. A force sensor is installed right behind the PVDF module. In such a way, the contact forces in the axial direction are measured by the force sensor, and the normal stimuli are sensed by the PVDF film. To measure the tangential contact force at the contact tip, two strain gauges are attached to the contact probe on two orthogonal planes along the axial direction.
One more problem is now to support the contact probe. Because the load on the probe is small, a normal cylinder-tocylinder bearing was firstly adopted. However, the output of the force sensor was distorted and the stimuli to the PVDF film were totally filtered out. This is due to the static contact on the bearing cylinder surface. When sliding motion contact is carried out on a surface, the tangential contact force at the contact end of the probe introduces a torque to the bearing point. To Fig. 4(b) 
IV. EXPERIMENTAL EVALUATIONS
This section describes the performance evaluation of the developed tactile sensor. For all experiments, the sensor was held by hand and perpendicular to the target surface. The contact point was on the smooth hemispheric end of the aluminum contact probe. Four kinds of handy materials were used for experiments: the hard surface of a desk, a mouse pad, a transparent duct tape with smooth surface and a towel. Contact force was controlled according to the force sensor outputs. Sliding speeds were between 40 -60mm/s.
A. Measurement of 3D contact force
The purpose of 3D contact force measurement is to evaluate the Coulomb frictional property of the surface. If the normal force and tangential force are obtained, the frictional coefficient can be calculated easily.
The 3D contact force measurement can be accomplished with a 3DOF force sensor. There are many commercial force sensors offering such a measurement feature. However, for a small hand held device, the size constraint is critical. It is difficult to find a force sensor that can satisfy all of these requirements.
In this paper, two semiconductor strain gauges and a force sensor were utilized for the 3D contact force measurement. The force sensor was installed coaxially at the end of the contact probe to measure the normal contact force f,. The normal contact force was transmitted to the force sensor via the silicon layer of the PVDF module. Two strain gauges were attached to the surface of the contact probe on two orthogonal planes to measure the 2D tangential contact force f, and fy as shown in Fig. 3(b) .
Using the knowledge of beam theory, it is noted that there were transverse coupling effects in the x, y and z directions in the case of bending and compressing of the contact probe. These coupling effects meant that the measurement values of fx, fy and f, are affected each other by the Poisson's ratio. This coupling effect can be described by the following equations, fx = fx + f(X, y)fy + f(X, z)f fy = f f(Y, x)fx + f(y, Z)fwhere fx and I are the applied force, and f's are the coupling functions. Theoretically, there is no coupling between the normal force and the tangential force. However, the experiments showed that such coupling effect does exist and becomes stronger with the increase of the applied tangential forces, that is fz = fz + f(Z, x)fx + f(Z, WY)f This coupling effect can be explained as follows. Ideally, the torque introduced by the tangential contact force is totally filtered out by the pair of disk springs, and therefore, the force sensor is only sensitive to the normal force f,. In this case, however, the radial bearing rigidity provided by the disk springs is not sufficiently strong. The contact probe will rotate in a micro scale under the combination of bearing forces and tangential forces. Because the assembly is tight in the axial direction, such small rotation eventually interferes with the normal contact force, and as a result, the coupling effect is introduced.
To obtain the precise contact forces, a decouple calculation is required. The practical method is to obtain each coupling function by calibration. Assuming that the coupling between two forces are linear, each coupling function can be represented by a constant value. By preliminary calibration experiments, the following relation between applied forces and the measured values is obtained as The decoupling calculation showed that the calculated values were very close to the true ones. However, it also indicated that the coupling models were not simply linear. More complex modeling is required for higher precision measurement.
B. Measurement of Frictional coefficient
With the normal and tangential force measurements, the Coulomb frictional coefficient can be evaluated by using the equation ,u = f IN. Here, the sensor is held perpendicularly to the surface and made to slide along the x direction. Therefore, for the calculation, f = fx and N = fz.
A mouse pad and a towel were used in the experiments. Three different normal contact forces were applied for each material. The experiments results are shown in Fig. 6 . Each column in the figure is the result for one kind of normal contact force. The first row is the tangential force(frictional force), the second row is the normal force applied, and the third row is the frictional coefficient calculated with equation u = f IN.
The results show that the calculated frictional coefficient changes dynamically. This is due to the changing applied normal force and the uneven surface that the contact probe slides over. Especially in the results of sliding on the towel, a regular sine-wave-like response was observed with increase of the normal contact forces. This is due to the regular textile quality of the towel which can be treated as a coarse texture. The calculated coefficient is similar under different normal contact forces. Moreover, the fact that the difference of the frictional coefficient between these two materials is small, which is consistent with the feeling of human finger to both of them.
C. Dynamic sensing with PVDFfilm
The PVDF module is located between the contact probe and force sensor. Normal contact is transmitted to the force sensor via the silicon layer while the dynamic signals are picked up by the PVDF film. In this tactile sensor configuration, PVDF film is adopted because of its high sensitivity and wide bandwidth response to stimuli. If a force sensor is able to meet the requirements of detectability as well, dynamic information can be extracted from the force signals, and the PVDF module can be replaced. One known effect of using a contact probe for PVDF film sensing is the consequent low sensitivity of the system to normal stimuli. The gains of the circuit developed for our previous tactile sensor [11] need to be increased several hundreds times to generate equal magnitude outputs from similar inputs. This is due to two factors. First, the contact area is reduced. This reduction means the reduction of the input intensity accordingly. Second, the use of the contact probe and the bearing disk springs attenuates the tactile stimuli, because they act as a second order system between the contact area and the surface of the silicon.
The objective of tactile sensing research is to determine the relationship between texture and the output of PVDF film. In this preliminary evaluation, simple sensing tasks are performed and respond models are build.
1) Dynamic response of the PVDFfilm: To find out the respond characteristics of PVDF film, two kinds of primitive inputs were used: step change of the normal contact force f, and tapping inputs. The results are shown in Fig. 7 . The PVDF film is sensitive to stress rate, its output magnitude is proportional to the changing rates of f, which is qualitatively verified from the results.
From the response of desk tapping, both the force sensor and the PVDF film generate a high peak output at each moment of contact. For the PVDF film, the most important signal is the peak response, so it should be detected by the micro-controller. However, as mentioned in the section of sensor development, limited by the architecture of the microcontroller, A/D conversion for each channel is performed one after another at a limited sampling rate: that is, there is a conversion time delay for each signal channel.
2) Sliding response of the PVDFfilm: Figure 8 shows the response to the sliding over of three parallel bands of duct tape stuck on the desktop with intervals equal to its width. Although the desktop surface is felt smooth to the human touch, the pen type sensor still picks up high frequency response signals because of the high rigidities of the two objects that come in contact namely, the hard desktop and the sensor with an axial stiffness, such that even small height variations at the contact area can trigger strong tactile stimuli. When the sensor slides on the smooth tape, its outputs are equal to the change rate of the normal force plus the circuit white noise. Such outputs mean that the tape surface is "zero texture" to the pen type sensor. On the edges of the duct tape, whether slide on or off, both of the PVDF film and the force sensor generate strong responses, which can be used together for edge detection.
There are two possible schemas to apply the response signal of PVDF film to the estimation of roughness. One is performed in the time domain: use the rate of strike to represent the rate of appearance of surface peaks that come in contact with sensor's probe. Contact strike happens when the response signal exceeds a given threshold. The other schema is to establish the relationship between frequency components of response signal and the surface roughness, which is applied in the previous research [11] .
V. CONCLUSIONS
In this paper, a compact hand held tactile sensor for fine texture perception was presented. Because surface roughness and friction properties are most critical parameters in tactile texture sensing, the proposed texture sensor is designed to measure the 3D contact force and the dynamic contact response. With a metal contact probe, the proposed sensor can take 3D contact force measurements, reduce the contact area, and separate the normal stimuli from tangential ones. The last function facilitates the interpretation of the relation between dynamic responses and the surface texture.
To achieve the dynamic sensing with a contact probe, disk springs are utilized for bearing. Preliminary experiments showed the effectiveness of this design. However, the effect of the introduction of a contact probe on dynamic tactile sensing should be studied in the future. 
